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MEDICAL APPLICATIONS OF RADIOFREQUENCY-RADIATION HYPERTHERIA

INTRODUCTION

The application of heat for medical purposes dates back to antiquity.
Instruments heated to high temperatures were used to cauterize wounds and
burn away tumors. The use of hyperthermia to treat cancer has continued to
be of interest. Busch (1) and others (2,3) observed that an endogenous
source of hyperthermia, fever produced by bacterial infection, could cause
tumor regression; and warm compresses, or local fomentations, were once used
to treat tumors (4). Other hyperthermic techn inues that have had some success
in cancer treatment are water-bath immersici (5), ultrasound (6,7), hyper-
thermic regional perfusion (8), bacterial toxins (3,9), and total-body hyper-
thermia with heated anesthetic gases and hot wax (10,11).

Applying warmth to muscle, joint, and tendon injuries to relieve pain
and accelerate healing is a common practice of both laymen and medical profes-
sionals. Diathermy, which grew out of this simple concept, is based on the
heating of living tissue by resistance to electric currents flowing through
the tissue. Radiofrequency-radiation (RFR) hyperthermia represents the most
recent technology (7,12) in the art of hyperthermic healing.

Dosimetric studies of RFR (13-15), under the United States Air Force
study of effects of radiofrequency electromagnetic radiation, have contributed
greatly to understanding how RFR energy is coupled to the tissues of man and
animals. The use of temperature changes in these studies to determine
specific absorption rate (SAR) has yielded relations useful in predicting
temperature rises In various tissues under various RFR conditions. Such data
can be applied to therapeutic hyperthermic RFR dosimetry.

The purpose of this report is to introduce the reader to present and
future medical applications of RFR hyperthermia. The references cite repre-
sentative scientific literature on its various aspects.

BASIC PRINCIPLES AND INSTRUMENTATION

The production of heat by nonionizing electromagnetic radiation is based
on the orientation of existing molecular (or atomic) dipoles in the electric
field, the polarization of molecules (or atoms) in tissue to produce dipoles,
and the displacement of "free" (conduction) electrons and ions in tissue
(7,16,17). Resistance to the alignment and polarization of dipoles and to the
flow of conducting electrons and ions in tissue results in heating (Fig. 1).
Only the electric field within tissue produces heat, whether generated by
an incident electric field or induced by an incident magnetic field. The
transformation of electromagnetic energy into heat due to the friction
of a material is called loss; and the material (e.g., tissue), a lossy
material. The power absorbed is often expressed as the SAR in watts per



e.7

kilogram of tissae. The SAR is converted into temperature increase in tissue
by the formula 1 C/mih = 58.6 W/kg (15). This formula applies to tissue or
tissue-equivalent material in which heat is not dissipated by blood circulation.
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Figure 1. Rotation of a macromolecular dipole (M) induced by external

alternating electromagnetic field. The friction of macromolecules
with surrounding polar solvent molecules (water) and ions causes
the solution to heat.

Using radiofrequency sources to heat tissue has certain limitations as
well as advantages. A basic principle that should always be kept in mind
when considering applications of microwave or high frequency hyperthermla is
"the higher the frequency, the less penetrating the radiation." Another
important principle is "the lower the frequency, the larger the area that
must be exposed to RF radiation." This second principle is based on the
relationship of wavelength to the dimensions of the object being Irradiated
and to the dimensions of the waveguide that is used to direct the radiation.
In other words, longer wavelengths of RFR (lower frequencies) require longer
dimensions for propagating and coupling objects.

These principles severely limit the energy-focusing ability of noninva-
sive radiative devices. The limitations must be reconciled with the fact
that local hyperthermia is preferred over whole-body hyperthermia, because
local high temperatures do not have the adverse effects of generalized high
body temperature.
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For a wavegulde to propagate an electromagnetic wave efficiently, the
longest dimension of the cross section of the guide must be equal to r
greater than 0.5 the wavelength. Size restrictions of the waveguides (radia-
tive aperture applicators) led to the common use of 2450-MHz RFR However,
at this frequency the power entering muscle tissue decayed to e0 of its
incident value at a depth of 0.85 cm (7). Waveguide applicators were then
devellped to function at 915 MHz (18-20), but the absorbed RFR power decayed
to e- of its incident value at a depth of 1.5 cm in muscle tissue. The gain
in depth was still too small.

The problem of waveguide dimensions has been partially overcome by
filling waveguides with a low-loss dielectric (such as deionized water),
providing them with internal longitudinal ridges, or filling them with
dielectric strips (21,22). Such waveguides have smaller dimensions than
conventional waveguides for high frequency RFR (3-30 MHz).

The selection of an appropriate frequency also depends on the size of
the body or the part of the body to be irradiated. The absorption of RFR

* increases most rapidly when the largest dimension of the object being irra-
diated approaches 0.4 of a wavelength (13).

Localized hyperthermia has its own unique problems which may be turned
into advantages. Under the same exposure conditions, objects of different
dielectric properties and geometries heat differently. The greatest heating
is likely to occur where such objects interface, especially if the E-field
(electric-field component) is perpendicular to the interface (19). These
facts provide a distinct advantage of RFR heating over hot-air heating or
poorly penetrating infrared heating. Even though RFR may be difficult to
focus, selecting an appropriate frequency and incident power density may
permit selective heating of a tumor of a particular size and shape and with a
higher water content than surrounding normal tissue (17). The tumor may be
sealed off from surrounding tissue by interfacial heating.

With invasive techniques, such as the implantation of antennae (modified
coaxial cables) or RF electrodes, the limited penetration and poor focusing
of RFR need not be a disadvantage (23,24). A small uniform volume of tissue
can be heated with a needle antenna, or larger but finely delineated volumes
can be heated by an array of such antennae (25). Also, ferromagnetic "seeds"
can be implanted in tissues and irradiated with an external magnetic field at
frequencies below 2 MHz (26). Invasive techniques employ precise heating
devices that do not have the limitations of noninvasive devices. Because
implantation is required, however, invasive techniques have all the potential
problems associated with surgery.

Current dosimetry is determined by invasive thermal probes such as
thermistors, thermocouples, and temperature-sensitive crystals. With temper-
ature changes, the crystals have altered light absorption, reflectivity,
polarization, or fluorescence (27-33). Fiberoptics can therefore be used,
without electrical conductors, to transmit temperature information to the
recording equipment.
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Noninvasive thermometric techniques now under study include measuring
radiated microwave or millimeter-wave frequencies from tissue or measuring
changes in velocity of sound in tissue as a function of tissue temperature
(34-38).

Each type of temperature-measuring technique must meet certain criteria.
All temperature probes must be sensitive, able to resolve tem perature distri-
bution, and able to respond rapidly to temperature change (39). Whatever

.* device is used, it must not perturb the fields that heat the tissue, generate
ohmic heating because of conducting materials (metals) within the device, or
generate noise in the monitoring device due to the transfer of electric

-. . fields and currents induced by the incident RFR in wires.

The noninvasive devices for therapeutic delivery of RFR fall into three
. general categories: capacitive, inductive, and radiative aperture applicators

(Fig. 2). I will discuss each briefly; further details can be found in the
references (12,40-42).

The capacitive applicator is composed of two capacitor plates between
which the tissue to be heated is placed. This method concentrates the heating
at fat-muscle interfaces. The difference in dielectric properties of these

p two tissues generates the interface which the E-field vector transverses.
This geometry leads to heating and damage to fat. However, this problem has
been partially overcome by "cross firing" several capacitive plate pairs.
The intersection of the heated volumes leads to an additive effect--heating
the desired volume of tissue rather than heating fat at the interface (43).

Inductive applicators were developed to avoid the need for coupling
medium or direct contact between the applicator and patient. The patient is
placed in a large electromagnetic coil that induces currents within the body
(44,45). The currents cause ohmic heating, but the heating patterns are
complex and are not focused (7). Surface heating is likely to occur, and
water or air cooling may be required.

Waveguide applicators were mentioned earlier as radiative aperture
applicators. Several additional devices should be considered. One is a
printed-circuit applicator from which power, at 2450 MHz, is radiated into
tissues by many dipole antennae from a corporate feed. Another is a coaxial
applicator composed of a semirigid 50-ohm coaxial cable with a Teflon-covered

, dipole antenna at the delivery end (22). The printed-circuit applicator is
used to treat superficial tumors--breast cancer, in particular. The coaxial
applicator is inserted rectally to treat prostate cancer.

4
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Figure 2. Noninvasive radiofrequency applicators for hyperthermia:
(1) capacitive applicator; (2) dielectric-filled radiative aperture
applicator; and (3) inductive applicator (magnetic coil). A, skin;
B, fat; C, muscle and/or bone; and E, the electric-field vector
(in a simplified fashion).

5

4..-.-.. .. .. . .. .. . .... . -OXA - AB- E

El B

. . .-"
. ... .. ... .. ...



PRESENT APPLICATIONS

Clinical applications of RFR hyperthermia being actively pursued are (1)
the local destruction of neoplasias; (2) stimulation of healing (especially
bones); and (3) surgical removal of highly vascular or sequestered tissue. The
first application is receiving the greatest attention at this time (46-48).

Although normal and neoplastic cells differ in sensitivity to hyperthermia
(49-52), all tissues can be damaged by it. Lymphoid tissue is the most sensitive
normal tissue. It is affected directly by hyperthermia (53,54) and indirectly
by endogenous glucocorticosteroid release due to thermal stress (55,57).

The immunosuppressive effects, although transient, are an important dis-
advantage of whole-body or regional hyperthermia (53,84,58,59. In addition,

insufficient hyperthemia--water-bath heating from 37 C to 42 C of Yoshida
sarcomas in rats (60) and C3H mouse manmary carcinoma (6l)--has led to increased
metastasis and death. The response of tumors to hypertherm~a during treatment
must be closely monitored. However, local hyperthermia (42 C or greater),
which has been effective against cancer, actually stimulates the immune response.
Access of immunoresponsive and effector cells to solid tumors in man, by
breakdown in the vasculature of the tumors after hyperthermia, probably plays
a role in the complete destruction of tumors (44). In some cases, local RFR
therapy has been followed by regression of metastasized tumors remote to the
treatment site (22)--evidence for tumor destruction by immune stimulation.

In cancer therapy another advantage of RFR hyperthermia is that unlike
ionizing radiation, it can attack cells during the synthetic (S) phase of the
cell cycle (62,63). Furthermore, RFR hyperthermia and even euthermic RF
exposure are synergistic with other cancer treatments. Human and animal tumors

*have demonstrated an increased sensitivity to ionizing radiation when RFR
treatment is used simultaneously or within a short period of ionizing radiation
treatments (49,64-71). A radioresistant fibrosarcoma in mice has shown dramatic
responsiveness to ionizing radiation in combination with microwave hyperthermia,
in spite of a lack of response to hyperthermia alone (64). Chemotherapy may
also be enhanced by RFR therapy at incident power densities that are ineffective
alone (69,72). Since the mechanisms that come into play in RFR destruction of
neoplasias depend on the amount of energy absorbed, RFR can be used in a variety
of cancer treatment regimens.

The potential of RFR as a healing stimulant has been demonstrated in
experiments involving the healing of tooth-extraction wounds in dogs (73).

* iThese experiments should not be confused with the low frequency (75-Hz),
pulsating, induced-Wiet-urrent studies being used clinically in man (with an

" approximate 75% success rate (74)) to stimulate healing of nonunion bone fractures,
congenital pseudoarthroses, and failed fusions. Microwave radiation has also
shown, in Chinese hamsters, significant promise as a radioprotective agent by
stimulating rapid recovery from hematological damage caused by X-irradiation
(75). Mild heat stress was probably responsible for the stimulation in both

. the tooth-extraction wounds and the damaged hematopoietic centers.

Another current application of RFR hyperthermia is the destruction of soft
tissue by localized high-power-density microwave radiation. This surgical
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technique is a sophisticated form of electrocautery. The induced currents
destroy vasculature, thus minimizing bleeding and bringing about coagulation
necrosis. The main difference in effect between RFR surgery and electrocautery
is that the surgery can destroy larger volumes of tissue. Where very discrete
small volumes of tissue are to be destroyed, as in hypophysectoiny (76,77) or
neurectomy (78,79), invasive needle antennae are used. They are precisely
placed with the aid of radiography. Where larger volumes of tissue are to be
removed, as in lung or hepatic lobectomies, external radiative aperture appli-
cators can be used (80). In lung or liver resections with RFR surgery, the
soft, friable tissue becomes condensed and solidified, thus making surgical
removal nearly bloodless.

MECHANISMS

Mechanistic information related to clinical applications of RFR is pri-
marily concerned with distinctions between the reactions of neoplastic and
normal tissues. Neoplastic cells have been reported to differ from normal
cells in RF absorption in the millimeter-wavelength range (81). Because of
their limited penetration of tissue, however, these frequencies are not repre-
sentative of RFR frequencies therapeutically applied, so such findings do not
provide a valuable selectivity of RFR for tumor cells.

The activity of RFR hyperthermia against solid tumors appears to depend
more on tumor physiology than on individual cell susceptibility. Tumors have a
notoriously poor blood supply, which they tend to outgrow, often leading to
central necrosis (82). When this already strained system is further stressed
by hyperthermia from a RF source, heat cannot be Oissipated as effectively as
by surrounding normal tisaue. Consequently, the temperature rises more rapidly
in the tumor (83). At 42 C or more, vascular collapse, coagulation, hemorrhage,
endothelial damage, thrombosis, and stasis may occur (82). As the temperature
ascends, these changes become more severe. The higher water content of tumors
as compared to normal tissue is also an important factor in their more rapid
heating (17).

Lethal effects on the cellular level probably result from heat inactivation
of enzymes, phase transitions in cell membranes which prevent essential functions,
and acidification of the microenvironment of the cell (83-86). All cells
should be sensitive to these changes, but to varying degrees. The DNA synthetic
phase susceptibility could be explained by temperature-sensitive DNA repair
enzymes or chromosomal proteins (84).

Slow or low-level heating of cells can generate thermotolerance (52,87).
This tolerance could result from an increase in cholesterol or saturated fatty
acids in the membranes of the cells. Such an increase would help maintain the
form and integrity of the cell membranes by preventing a phase transition at
higher temperatures. Slow or sublethal heating of the cells would allow time
for such changes. No evidence, however, supports this hypothesis: no increase
in cholesterol content has been observed in slowly heated cells (52). That
increases in cholesterol content are responsible for thermotolerance is there-
fore doubtful.

7
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Subpopulations of cells with thermostable key enzymes could also be
selected by slow heating or elevated but sublethal temperatures, but this
population change should be even slower than a membrane adaptation and therefore
would be less likely to occur. Furthermore, the rapid loss of thermotolerance
(within 20 to 72 hours) that has been observed after return to normal tempera-
tures tends to discredit this latter hypothesis (87-89). The only change that
correlates with thermotolerance is an increase in membrane protein (52).

When only 8nough RFR energy is absorbed to raise the temperature of tumors
from 37 C to 41 C, previously mentioned killing mechanisms (e.g., protein
denaturation, acidification of tumor, membrane changes, and hemodynamic changes)
are not operable. At these levels,0 vascular collapse does not occur and vascular
effects are reversible (82). At 41 C and below, blood flow to tumors actually
increases and oxygen tension rises (83); but at these levels apparent oxygen-
independent sensitivity (as opposed to a real oxygen independence) of cells to
ionizing radiation is enhanced (90). Clostridium oncolyticum s. butyricum
spores will germinate in tumors treated with RFR and ionizing radiation (91).
(In th8 experiments, these tumors reached local temperatures of between 40 C
and 41 C.) The growth of a fastidiously anaerobic bacterium in such tumors
demonstrates an unexplained complete de~letion 8 f oxygen in the tumors (91).
Based on the hemodynamic response at 40 C to 41 C, these tumors should have had
an increase in their oxygen tensions with RFR hyperthermia alone. Free-radical
reactions that consume oxygen and are initiated by ionizing radiation or mito-
chondrial oxidative metabolism may be enhanced by the energy input from RFR
hyperthermia.

Organic free radicals may interact with available oxygen and rapidly
deplete it. After this removal of oxygen, other toxic free-radical reactions
independent of oxygen could be maintained by thermal energy from the RFR. The
series of reactions shown in Figure 3 describes a possible free-radical mechanism
that could occur in cell membrane lipids. The thermal decomposition of organic
peroxides formed by ionizing radiation and oxygen (even low levels) or of
naturally occurring organic peroxides could provide the initiator for such a
polymerization scheme.

As alluded to earlier, an immunological mechanism probably 0 plays some role
in tumor rejection after RFR therapy. Exposure of tumors to 41 C or less may
have a secondary immunostimulatory effect on lymphocytes circulating through
the tumor vasculature or in nearby lymphoid tissues (44). Exposure of human
lymphocytes in vitro to temperatures of 38uC to 40uC, inclusive, enhances the
lymphoblastic response to mitogens (92-94). Such evidence supports the possi-
bility of immunostimulation by in vivo hyperthermia in man. This stimulation
could aid the immune system in overcoming tumor-induced immunosuppression.

FUTURE APPLICATIONS

The probable mechanisms of RFR interaction with biological systems suggest
additional medical applications. One application, yet to be pursued in a
practical way, is immune modulation with RFR hyp8 rthermia. Increasing the
temperature of the body or lymphoid organs to 41 C should provide immunostim-
ulatory activity. This effect could be used to reverse the imunosuppresslon
of chemotherapy, ionizing radiation, and various infectious diseases. Exposures

8
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raising body temperature or lymphoid organ temperature to 420C or above for
short periods of time could be used to bring about immunosuppression for control
of autoimmune disease and cell-mediated hypersensitivity.

Another possibility is the use of RFR hyperthermia in treating shock. To
relieve metabolic demands for heat production, and therefore lower the require-
ment for oxidative metabolism, heat could be supplied externally by whole-body
or regional hyperthermia. The neurological and endocrine systems would be
recruited through their thermoregulatory functions to decrease the demand for
metabolic heat production. As a result, cardiac output, although compromised,
would again become sufficient to maintain life. Such support would provide
crucial time required to reestablish normal cardiac output.

The oxidative metabolism of specific organs, such as the liver, may be
stimulated within a certain temperature range to increase detoxification. This
function may aid in the recovery from toxic shock. The synergistic activity of
RFR with ionizing radiation suggests that free-radical reactions may thus be
modulated. Oxidases and peroxidases, which are widespread in tissue and of
great importance to the immune system, are radiomimetic enzymes. In fact they
generate the same oxygen and organic radicals found during the radiolysis of
biological materials. These enzymes are cytotoxic for neoplastic cells (95).

* Since oxidative enzymes comprise in vivo "free" electron systems, the antitumor
activity of exogenously introduced oxidases and peroxidases should be enhanced
by RFR hyperthermia, as is the activity of ionizing radiation. The principal
advantage of combined RFR oxidative enzyme therapy would be its anticipated low
toxicity for normal tissue.
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